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ABSTRACT:

Trenchless pipe repair can offer time and cost savings over traditional excavation and replacement
of damaged pipes. Conventional repair methods using prefabricated steel liners are not effective
due to significant loss of discharge capacity, especialtynfm-circular crosssections. The
objective of thisthesisis to introduce a novel layered sandwich syswmposedof fiber-
reinforced polymer (FRP) composites. Concrete pipesavghgth of500mm and inner diameter

of 380 mm are stressed to silame damagecracks at the crom invertand springlinere produced

by loading via theéhreeedgebearing(TEB) testsetup(ASTM C497. The damaged pipes are
repaired with multiple layers of FRPs sandwiching thin layers of a syntactic foam core. The
sandwich system will save FRP materials and provitgerequired stiffness based on the
mechanics of sandwich composites. The sandwich system is applied with epoxy resin to the entire
length of the inner diameter of the pipes. The repaired specimemeareaded to failure vide
threeedgebearing testThe highest load was achieved by a hybrid sandwich liner composed of
Glass Fibre Reinforced Polymer (GFRP), syntactic foam, and Carbon Fibre Reinforced Polymer
(CFRP).Finite Element AnalysisHEA) wasperformed in ABAQUSand results were compared

to experimental resultsThe load versus strain plots of FEA and experimental resudie in
agreement and had aweragdaest/model ratiof 1.00 and COV of 47.88%. A parametric study

was performed in ABAQUS of pipe model had an inner diameter of 762mm, a wall thickness of
152.4mm, and a length of 1000mwith varying layers of GFRP, Syntactic foam, and CFRP.
Results from the parametric dushowed that the most effective way to increase stiffness is to
increase the number of GFRP and CFRP plies as the syntactic foam plies offer a marginal increase

in stiffness.
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Chapter 1. Introduction

1.1 Motivation

Ensuring that infrastructure meelssignrequirements is necessary for public safety. Failure
to inspect and medesignrequirements can result in premature failure leading to social disruption,
financial costs,and casualties. Once an asset is deemed defii@ent the next course of action
is to determine the economic feasibility of replacing the asset or repairing the asset. In the case of
buried pipes, the decision can be broadly grouped ititereeplacement with the opesut method
or repair with trenchless technolo@yost and social impact of construction projects are important
factors to considem project managemenihe opercut method is the traditional methodl o
rehabilitation or replacement damaged buried pipéBas et al., 2016)n urban areas, opeut
replacement projects can cause significant soéslption by impeding traffic and access to
business store fronts for days to we¢kseke & Ariaratnam, 2001a)Trenchless methods of
rehabilitation offer increased efficiencies when they are suitable for the project and cause minimal
social disruption to the surrounding environment compared to open cut pr@jeeise &
Ariaratnam, 2001a) The objective of trenchlesshabilitation is to restore the strength of a buried
pipe to its original value or greater. Rehabilitation of a-damaged pipe may be performed to
increase the strength of the pipe to accommodate new loads at the surface beyond the original
design. Flav rate is not necessarily compromised when reducing the pipe cross section in
trenchless rehabilitation becauseth friction andwater infiltration in plastic pipearereduced

compared to concre{lastic Pipe Institute, 2008)

Maintenanceand repaie r e essent i al steps of any asset
culverts, sewer systems or other guwhde piping used to channel fluids must be monitored and

inspected to verify the integrityf the pipe. In most cases, access to the culvert argipilimited

1



as they are buried or submergédieegoda & Zou, 2015Sewer systems and other pipes with
restricted access ofterly on visual inspection performed by an inspector via remote controlled
closed circuit television (CCTV) camer@3irksen et al., 2013; Plastic Pipe Institute, 2008; Sorrell,
1995) Upon determining the condition of the asset, an economic decision can be made based on
the severity of the damage and deterioration rate of the(ddsegoda & Zou, 2015A full culvert
replacement is often cost prohibitive unless absolutely necessary as a single culvert replacement
costs morghan multiple rehabilitation procedures whican restore the culvert to near perfect
condition(Meegoda & Zou, 2015Excavaton and replacement can be preferred if the pipe is less
than 6 feet below ground, there are few obstructions above and below ground such as utility lines
or buildings, or the diameter of the pipe needs to be increased signifi¢8othell, 1995)
Trenchless rehabilitation offers repair options for inaccessible pipes lagidéep as 50 feet
below grade, pipes swunded by utilities which make excavation difficult or unsafe, or pipe
repairs that must be completed in a relatively short timefré&werell, 1995) Trenchless
rehabilitation methods typically reduce the diameter of the gzt frompipe bursting. Pipe
bursting is the onlytrendhless technology method capable of fully replacing a buried pipe
(Ariaratnam et al., 2014Yrenchless rehabilitation methods such aslslipg andCured in Place

Pipe (CIPP) have been proven to be cost and performance effé@degoda & Zou, 2015 he

use of a fibre reinforced polymer (FRRbric sandwich technology will be explored adesign

to optimisematerial properties in FRP liner design relevant to CIPP and wet FRP Gyuently,

there are no standards or codbkat addresshe structural analysi®f FRP materials for the
rehalilitation of concrete pipesThere is currently aesearch gap in the failure mechanics of

Reinforced Concrete Pip&CP rehabilitated with FRP materials.



1.2 Objectives

This thesis aims to:

1 Explore the loading behaviour and failure modes of damaged RCkerepath FRP
liners
1 Provide a foundation for future research on larger scalebdéatevelopment of accurate

design procedureand code recommendations

1.3 Scope

The objectives will be achieved by:

1 Simulating damage to RAR thethreeedgebearing(TEB) test
1 Repairing the dangeed RCP with FRP materials

i Testing the repaired RCP in th&B test

1 ComparingFEA resultsto experimental data

1 Performing a parametric study uswgh FEA software

Wet FRP layup would not be feasilitg an inservice RCP with 380mm inner diameter
due to inaccessibility. The scope of this project narrows to exploringatiang behaviouof RCP

repaired with FRP linerand providing suggestions for future research

1.4 Thesis Layout

The thesis is comped of 5 chapters: Introduction, Literature Review, Experimental
ProgramNumeical Study andConclusions and Recommendatiofke Introduction,Chapter 1
begins with the motivations and significance of this research to the industry of trenchless
technol@ies.Chapter 1 ends witthé objectives, scope, and thesis laytouprovide a detailed

outline and description of the project to come. The Literature Review, Chapter 2, reviews the
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current methods of pipe rehabilitation and replacensniyell as mechas of pipe loading and
failure modes of FRP materials bonded to concrétee Experimental Program, Chapter 3,
describes the materials, fabrication procedures, test set up and instrume@tiasipter 3ends

with the resultspbservationsand discussiomf the results.The Numerical Study, Chapter 4,
describes the procedure and parameters used FEAesoftware ABAQUS and compares AE
resultsto the experimental results of ChapdeA parametric studperformed in ABAQUS at the

end of Chapter .4The Cortlusions and Recommendations, Chapter 5, summarises the findings of

the research and provides guidance for future studies.



Chapter 2. Literature Review

This chapter consists of an industry review of trenchless technologies, theory thehind
repair of RCP with FRP materials and concludes with identifying research gaps. The industry
review covers the open cut method,elpursting, slipliningCIPP, and FRP layup. The theory
includes FRP sandwich technology, FRP rehabilitation of RC beamd$ailure modeof FRP

materials adhered to concrete.

2.1 Industry review

2.1.1 Open Cut Method

Traditionally, inaccessible sections of sgitade infrastructure were accessed via the open
cutmethod The open cutnethodis thedefaultmethod to fall back on when trenchless technology
is not applicabléDas et al., 2016)Any section of pipe that needs rehabilitation must be taken out
of service and the flow which normally follows path of the section in need must be rerouted or
backed up for the period of the rehabilitation pro{&tein & Stein, 2004b)Special consideration
should bemade to account for seasonal or otherwise heavy rai(&tten & Stein, 2004b)The
opencut method requirethat the area above the pipe section in need to be blocked off as
excavation begins. After the repair, rehabilitation or replacement, the trench is filled and pavement
is replaced if it was removd®tein & Stein, 2004c)n urban areaas seen ifrigure2-1, Open
cut methodrojeds often have a high social impact on local traffic due to detauisk of damage
to properties and utilities, ararisk of premature damage to road structuresnguexcavation

(Stein & Stein, 2004c¢)

Costs of an openut project in a dense urban area can be twice the cost of a similar open
cut project in urbuilt areas due to costs of road and pedestrian traffic detours, removal of material
from site, road reconstruction and ensuring municipal services are maintained in adjacent

5



propertiegStein & Stein, 2004c¢)Time-cost relationships of operut projects and cusi@-place
lining projects developed b$ousa & Meireles (20)8revealed that trenchless ctireplace
linings performed better on small projects while open cut methods saw faster completion times for

large projects with less variability in time performa8eusa & Meireles, 2018)

Figure2-1: Social Disruption of Open Cut Methd8tein & Stein, 2004c)

2.1.2 Pipe Bursting

Pipe bursting is a trenchless method of pipe replacement whploys a bursting head
that expandor hammerthe existing pipe outwards radiallp accommodate the incoming
replacement pipe. The general layout of a pipe bursting operation requires access at start and end
of the section of pipe to be replaced; the pit at which the bursting head in fed is the insertion pit
and the pit at the end die pipe that houses the hydraulic tensioner or winch is the machine pit
shownin Figure 2-2 (Lueke & Ariaratham, 200l1a; Stein & Stein, 2004@herefore, some

excavation may be required depending on the specifics of the project.
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Figure 2-2: Diagram ofPneumaticPipe Bursting(TT Technologies, 2006a)

Three methods of pipe bursting exist, and each utilises a specialised bursting head. Static,
pneumatic, and hydraulic bursting heads can be used depending on the nature of the pipe bursting.
Static pipe bursting onlyses static forces to break apart the existing pipe which are applied
through forces driven by hydraulicsystem or a winch which can push or pull rods, chaiors
cablesto drive the bursting head forwadueke & Ariaratnam, 2001aAs seen inFigure 2-3,
staticbursting methods typically use a cone shaped bursting head to impart a radial force against
the walls of the existing pipe; the radial forces from the pulling of the slosged static bursting
head cause the walls to fail in tens{tmeke & Ariaratham, 2001apependingdn the size of the
new pipe, a rear expder may be necessary to disperse the fractured pieces into the surrounding

soil to enlarge the diameter of the tunnel to make room for the newTpipeechnologies, 2017)
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o

Fneumabic Bursting Head

Figure2-3: StaticBurstingHead andPneumaticBurstingHead(Lueke & Ariaratnam, 2001b)

Pneumatic bursting uses a percussive hammdarag produced by compressed air to
drive the bursting head into the old pgbepicted inFigure 2-2 (Lueke & Ariaratnam, 2001aJhe
hammering forces develdmpth radial and transverse forces which cause the old pipe to fail in
tension and shear respectivélyieke & Ariaratnam, 2001a)n addition to a tension cable system
to guide the bursting head through the old pipe, an air compressor must be present at the insertion

pit with air lines running to the bursting ltkrough the new pipf_ueke & Ariaratnam, 2001a)

Hydradic expansion method of pipe bursting uses a hydraulic bursting head that is fitted
with hydraulic cylinders which »@and radially to push the walls of the old pipe into the
surrounding soi(Lueke & Ariaratnam, 2001aHydraulic expansion bursting heads are seldom
used in favor of simpler designs with less mgvparts such as static bursti(fgtein & Stein,
2004a) Ariaratnam et al(2014) published a survey of 886 projects completed by 19 North
American contractors which revealed that 51.8% of contractors owned statlupgbing systems

and 48.2% owned pneumatic bursting systems.



The equipment required for a project will depend on the depth, size and material of the host
pipe, the length and terrain that must be traversed and the new pipe size and (aterial
Technologes, 2006b) A survey of sewer, sanitary water, and service lateral projects, found that
cast iron, ductile ironpolyvinyl chloride PVC), vitrified clay, concrete, brick host pipes were
candidates for pipe bursting and that 98.8% of hiesvpipe installed for theseeshabilitation

projects wasigh density polyethylene (HDPEAriaratnam et al., 2014)

In comparison to conventual opeat methods, pipe bursting will be a more suitable choice
for pipereplacement for urban and deeply buried pipes. As the depth of the operation increases,
the cost of opefeut projects increasgwhile the cost of pipe busting projectss not significantly
affected(Lueke & Ariaratnam, 2001a; Stein & Stein, 20Q4k) termsof time, pipe bursting
projects operating within hours and days whibeRrcut projects operate in days and weeke
lack of surface disturbance gives pipe bursting an advantage in schdtlukg & Ariaratnam,

2001a)

The design and procedure of a pipe bursting project must be carefully considered as there
are limitations to what kind of systems can be candidatgsgerbursting. Straight pipesethe
most suitable candidate as the stiffness of the new pipe may resist cornerin(Abanasam et
al., 2014) Increasing the diameter of the neipgpposes more challenges than replacement with a
pipe of equal diameter. Surface heave can occur if the increase in pipe diameter is more than 50%
which may result in damage to buildings and roadwAyisratnam et al., 2014; Isett, 200@)ipe
bursting is the only trenchless pipe abllitation method which allows for the increase of pipe
diameter to accommodate a higher flowr@earatnam et al., 2014Pipe bursting technology is
relatively new and there is arlited amount of an available skilled workforce in comparison to

traditional opercut methodgLueke & Ariaratnam, 2001a)



2.1.3 Sliplining

Sliplining is a method of pipe rehabilitation in which a new pipe of a smaller diameter is
slipped into the host pipe withodisturbance. Key elements to the design of a sligipirocedure
include determining the pipe liner diameter, liner wall thickness, flow capacity and design of the
access pointdlastic Pipe Institute, 2008)he selection of the pipe diameter is typically governed
by the inner diameter of the existing pipe and any obstructions that may block the progress of the
pipe(Plastic Pipe Institute, 2008)s a general guideline, the outer diameter of the liner should be
10% less than the inner diameter of the host pipe; host pipes with diameters over 24 inches

commorty use liners that are 5% smaller in diaméRastic Pipe Institute, 2008)

Non pressuged pipes determine the required liner thickness by comparing the critical
bucking pressure of the liner to thepected hydrostatic load due to the rising of the water table
and determining if their respective ratio satisfies the design safety factor; a safety factor of 2 or
greater is sufficient for evaluating long term load(Rdastic Pipe Institute, 2008jHowever, the
external structure of the grout and existing pipe will provide the bulk of the structural support for
the pipeling(Simpson et al., 2017Yhe gap between the liner and existing pipe is pumped with
grout; this layer of grout is referred to as the grout anniRedirsanierung & Bau GmbH, n.d.;
Simpson et al., 2017Jor sliplining where the host pipe is concr&enpson et al., (2017pund
that the grout annulus strongly bonds with the external concrete pipe and does not bond well to
HDPE sliplining. The increased structural strength of sliplining comes tinenpumping of the
grout annulus which is theorised to fill cracks in the host (f@pson et al., 2017Yhe HDPE
sliplining is essentially inactiveunder service loads and only experienced a diameter change of

0.01% (Simpson et al., 2017)The design of pressued pipes includes the consideration of

10



internal stresses in addition to the external forces that may be considered fepr@ssumed

pipe (Plastic Pipdnstitute, 2008)

The flowrate will depend on the slope of the pipe, inner dimensions of the liner and
frictional forces between the water and liner wéitastic Pipe Institute, 2008A\n HDPE liner
will exert less frictional forces on flowing water than other 4ptastic piping material§Plastic
Pipe Irstitute, 2008) In theory, a noplastic pipeof equal size should have a lower volumetric
flow rate due to higher frictional forces. However, the decrease in frictional forces due to the HDPE
liner do not offset the loss of flow rate due to decreasesscsectional area in all casBarber et
al., (2005)ound that 152.4mm (6 inch) pressarl steel pipes experienced a 10.8% to 21.4% loss
of flow when lined with HDPE depending on the quality of the installation of the liner. The study
only compared new pipes with cleameriors to their lined counterpartBarber et al., 20057
case study in Poland found that flow velocity and volumetric flow rate in their sewer increased
after cleaning the accumulated hard sludge from the bottom of a 65 year old sewer and
rehabilitating the sewer witslass Reinforced IBstic (GRP)sectionst Tomc zak & Zi el i
2017) Flow velocity in the sewer increased from 0.47 m/s to 1.27 m/s therefore protecting the
sewer from further clogging build up as the rehabilitated velocity was over the 0.7 m/s threshold
for sediment build ufTomczak & ZieltEs k a , . TiIi® & Ahderson (2010jound that tapering
the inlet of the culvert led to a geometry that was favorable to the discharge flow and increased the

flow efficiency of the culvert.

The access points of a sliplined system refer to the interface between the lined pipe and the
existing system. In the case of sewer systems, the access points will be termination points of the
pipe such as manholes or headwé@ikastic Pipe Institute, 2008yhe gap between the host pipe

and liner is referred to as the annulus space and must be filled and sealed for structural integrity
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and to prevent infiltration of fluidgPlastic Pipe Institute, 2008; Simpson et al., 20Rtcess

points of norpressuized systems arsealed by inserting an Okum ring into the grout filled
annulus space, sealing the Okum ring in place with more grout and capping the annulus space
entrance with a chemical resistamoacretgPlastic Pipe Institute, 2008pressuded piping will

require fused connections to the liner capable of maintaining the pressure within the system

(Plastic Pipe Institute, 2008)

The operational procedure for sliplining a host pipe with a polyethylene (PE) liner begins
with inspection andleaning of the host pip€losedcircuit television(CCTV) is used to survey
the candition of the pipe and determine the location of potential obstructions such as bends
between offset pipe segmeliastic Pipe Institute, 2008} leaning of the host pipes is hecessary
to remove debris and dirt which can obstruct the progress of the liner; cleaning is often completed
with a cleaning bucket machine, kites, plugs or the pulling of a test section afFlastic Pipe

Institute, 2008)

Depending on the geometry of the project, a method of joining pipe sections will be
selected. For a continuous solid wall pipe, butt fusion can laetagein the individual section of
the PE pipéPlastic Pipe Institute, 20083utt fusion is a process in which two ends of HDPE pipe
are heated on oppite ends of a heating plate and then are permanently joined by pressing the
molten pipe ends together under pressure; the resulting joint can be as strong or stronger than the
continuous pipe materigPlastic Pipe Institute, 2008; Zhao et al., 20@Yst contamination
negatively affect the quality of HDPE butt joif&hao et al., 2002¢hao et al. (2002ecommend
cleaning the welding surface of the pipe #&meheaterfacebeforethe joining of each section and

the use of wind/dust shelters to minimize dust contamination
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Profile wall pipe sections can be used to line-nwaular shapes such as ovals or egg
shaped sewers and pipes can be joined by bell and spigot connections and have gaskets to maintain
a water tight seal between segmgtmstic Pipe Institute, 2008; Rohrsanierung & Bau GmbH,
2013) Alternatively, butt fusion or electrofusion can be used to join profile wall sections. In the
electrofusion process, an EF fitting (electrofusion fitting), which has spirals of exposed copper
wires at the interface between the fitting and pipe, fits over the ends of two PE pipes to be joined
(Shietal.,,2011) The EF fitting is connected to a wel
copper wires to heat and expandsherounding PEShi et al., 2011)Shi et al. (2011)ecommend
inspecting alignment in insertion of the pipes into the fitting as well as inspecting the fusion surface
for dust, debris or moisture contamination and oxidatiothe copper else a poor bond could be
formed between the fitting and pipe resulting in premature failure.\@gtting and over welding
should be avoided by operating at optimum welding power and time for optimal electrofusion

joints (Shi et al., 2011)

After selecting a method of pipe joining most suited to the project, the excavation and
execution phases abegin. The size and dimensions of the access pit will depend on several
factors based on the geometry of the opergfiastic Pipe Institute, 2008)he depth of the host
pipe, diameter of the host and liner pipes and stiffness of the liner pipe will influence the amount
of space necessary to insert the liner into the host(Bilastic Pipe Institute, 2008 general,
shallower pipelines with smaller pipe diameters require smaller access pits than deeper pipelines

with larger diametergPlastic Pipe Institute, 2008)
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Figure2-4: Pull Method ofSliplining (Plastic Pipe Institute, 2008)

The insertion of the liner is completed by either the push or pull method depending on how
the sections of liner were joined. Solid wall pipe joined by butt fusion can be installed with the
push or pull method or a combination of the t{ftastic Pipe Institute, 2008However profile
wall pipe which has been joined by gasketed bell and spigot must use the push method to maintain
awatertight gasket conngon between segmenBlastic Pipe Institute, 2008)hepull technique
employs gulling head attached to the starting end of the liner and pulls the head through the host
pipe with a winch and cable system depicteBigure2-4 (Plastic Pipe Institute, 2008)\s shown
in Figure2-5, the push method usbesavy machinery, which might have otherwise besadito
excavate the access pit, to push a choker strap wrapped around the liner down and into the host
pipe (Plastic Pipe Institute, 2008 he choker must be loosened and reattached manually after
each pull(Plastic Pipe Institute, 2008)ight flow can be maintained during the sliplining
operaion of nonrpressurzed pipes as the flowing fluid can lubricate the movement of the liner
(Plastic Pipe Institute, 2008)on-pressurzed flows below 50%f the host pipe capacity can be
accommodated during installation; excess flow can be controlled by blocking or bypassing the

host pipe(Plastic Pipe Institie, 2008) Once the linerdinstalled, the annual gap can be grouted
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and sealed as described earlier and the service and terminal connections can be connected

completing the pipe netwollPlastic Pipe Institute, 2008)

Pre-fused Solid Wall
Polyethylen Pipe

e e e ———

Existing Pipe with Crown Choker Strap with Sling
Removed to Springline

Figure2-5: PushMethod ofSliplining (Plastic Pipe Institute, 2008)

In a case study performed Kyliczkowska & Gierczak (2013a concrete sewer maias
experiencing excess flow due to groundwater infiltration. The sewer main was rehabilitated with
an HDPE slipliner which stopped the infiltration of groundwal®e projectvasexpected tsee
a net cost benefit after 3 years of operation due to the decreased volume of sewage to be processed
(Kuliczkowska & Gierczak, 2013However after 12 monthsthe HDPE liner failed because the
annulus gap was not filled with grout due to insufficient actgsa contractodespitethem
knowing the critical structural role othe grout(Kuliczkowska & Gierczak2013) Without the
groutin the annulus gapgroundwater infiltrationvas allowedio accumulate anthe resulting
pressurebucklad the liner as modulus of elasticityof the HDPE liner decrease®ver time
(Kuliczkowska & Gierczak, 2013A stiffer HDPE pipe was engineered to not require an annulus
grout filling and replaced the buckled lingtuliczkowska & Gierczak, 2013JQuality of the liner
must be monitored as imperfections in the liner surface emkewn the critical buckling pressure
leading to premature failure. A study performedBakeer et al. (199%pund that HDPE pipe

with deformed oval cross sections and pipes with partially confined liners will buckle under
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pressures as mucls 0% lower than circular counterparts under uniform loading, which may
occur in instances of groundwater infiltration of the host pgekeer et al., 1999Bakeer et al.
(1999)recommend that should a flexible pipe be installed in an ovatakeh pipe the liner
should be accordingly designed with a lower buckling resistance. The findirggkeér et al.
(1999) agree with the case study Kitiliczkowska & Gierczak (2013as anunconfined HDPE

liner buckled in a damaged pipe that experience groundwater infiltration.

2.1.4 Cure in Place Pipe (CIPP)

CIPP lining is a rehabilitation method which employs the use of FRP technology to form
an FRP pipe within the deteriorating host pipe. Toee components of an CIPP lining are the
fabric tubeliner and resin. To comply witAmerican Society for Testing and Materials Standards
(ASTM F2019 ASTM F1743, the fabric should be composed of a minimum of two distinct tube
layers of glass fibers. Thgtass fibers should be corrosion resistant, strong enough to manage the
pulling forces experienced during installation, aesistant to abrasion and chemicals at the inner
surface layer of fabri(ASTM Intemational, 2011)The fabric should provide a close fit with the
host pipe The fabric should fit within the host pipe and have the ability to expand past the host
pi pebébs nominal di ameter to reduce the risk of
pipe (ASTM Internatioral, 2011) The use of a smaller diameter that expands into the host pipe is
essential to ensuring wrinkling does not od@ASTM International, 2011)Ultimate strength and
strength of first cracking dd lineraredecreased at wrinkled locations of CIPP lingas et al.,

2016) CIPP liners often fail near wrinkle defe¢i3as et al., 2016)

The type of resin that is used to impregnate the fabric depends on the selected curing
method.Resins are typically polyester, vinylestar apoxy-basedresins(ASTM International,

2011) CIPP liners can be cured with hadtraviolet UV) light or CIPP liners can be left to cure
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ambiently(United Kingdom Society of Trenchless Technology, 20Bhbient curing methods

are simple as they do not require additional equipment but have significantly longer curing times
(Das et al., 2016 Curing times for ambiently cured CIPP liners range between 2 to 12 hours while
a similar curing time for a CIPRnkr cured with steam can be as low as 30 minfides et al.,

2016) Steam or hot water can be used to heat adwt@tated curing resimhe heatured resins
usually consists of a vinylester thermoset and heat catalyst sg&&HhM International, 2011)

UV cured resins have similar components with the difference being in the catalyst sypterto-

initiator system which responds to the UV light emitted by the UV curing lights must be added to

the resin mixturé ASTM International, 2011)

Other material components of the CIPP fabric tube inclide external foils, and
calibration hose. The external foils are typically layers of polyuretifld), polyethylene IPE) or
polyvinyl chloride PVC) which are impermeable to moisture and the resins used in production,
and act as a protective layer during installation and han@i83M International, 2011; United
Kingdom Society of Trenchless Technology, 20IMe calibration hose is often a removable
PVC tube on the inner diameter of the fabric tube that facilitates the inflation of theiGdPBy
pressing the liner firmly against the walls of the host g8 TM International, 2011; Uted

Kingdom Society of Trenchless Technology, 2014)

The design of FRP composites for CIPP liner application must meet minimum design
requirements for flexural strength and flexural modulus specified by ASTM F&36M
International, 2016)For application in pssurzed pipes, FRP composites must also meet a
minimum requirement for tensile strend&kSTM International, 2016)Flexural properties can be
obtained by performing the thrg®intbending test and similarly tensile testing for tensile

strength.Ji et al. (2018)ound that glass fibers performed better than carbon fiber reinforced
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materials in flexural tests and was more suited fotiegion in CIPP liners. In addition to its
flexural properties, glass fibers allow for the penetration of UV light for application with UV liners

(Jietal., 2018)

Prior to installation, the host pipe must be inspected and cleaned. Inspection should be
performed by CCTV camera inspecti@ise manned entry when possipd&STM International,
2011) Debris and obstructions caused by disintegrating pipes or other factors, such as water
infiltration and pipe deformation, which can affect the fit of the liner during installation should be
addressed before CIPP lining commen@STM International, 2011; United Kingdom Society
of Trenchless Technology, 2018ome sections of pipe must be reptht the cases of obstacles
that cannot be removed by cleaning such as tuberculation due to corrosion and servid®i#sings
et al., 2016)CIPP linng is challenging for small diameter pipes, sharp bends, changes in elevation

and transitions between pipe diame{@as et al., 2016)

Unlike sliplining, the flow in the line to be lined withIPP must be plugged or bypassed
and the affected public should be notifigfSTM International, 2011)Flow during the lining
process can cause wkies and failure of the liner to adhere to the walls. Therefore, the line must

have no obstructions or flowing fluid within the pipe.

The CIPP liner can be impregnated with the appropriate resin for the selected curing
process at the manufacturing facility or in a mobile facility on (#&TM International, 2011)
Once the impregnation (weut) process is complete and the fabric lining is saturated with resin,
the CIPP liner can be stored and transported to site when regaBad/! International, 2011)
Jaganathan et a(2007) found that the longitudinal folds creased into the liner for ease of
transportation and installation can cause stress concentrations whdoddtimeeets gaps or

irregularities in the host pipe. Longitudinal folds tend to cause surface irregulars when the liner is
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oversized to reduce gaps betwest pipe and lindidaganathan et al., 200Qversizing the liner
is @ common practice to ensure external pressure cannot build in the annulus gap; an oversizing
limit is proposed byaganathan et al. (20QRgt limits the oversize of the liner based on properties

of the pipe.

CIPP installation does not typically require access pits and can often be completed with
accessprovided by manholes when working on sewer systems. Since CIPP liners cannot
accommodate valves, valve boxes must be replaced withapppenethods and the open pit can
be used to access the remaining pipe for GP&% et al., 2016)ASTM F2019 recommends the
use of rollers and winch cables to pull the liner in place as showkfigure 2-6 (ASTM
International, 2011)However, CIPP liners can be installed by inversion which employs a liner
gun which inverts the liner into the higepe with air or water pressure (United Kingdom Society
of Trenchless Technology, 2014). The rate of speed at which the liner is installed should be limited
to avoid winkles or stretching of the liner and elongation of the liner should be verifiedhence t

operation is completd ASTM International, 2011; United Kingdom Society of Trenchless

Technology 2014)
Winch Resin impregnated
fabric tube
o0
Invert Pulling
Roller Manifold
L,.__I ————

Figure2-6: CIPPLinerInstallation withwinch (ASTM International, 2011)
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The installed CIPP liner is then inflated with air, steam or water, depending on the curing
method(ASTM International, 2011; United Kingdom Society of Trenchless Technology, 2014)
For UV cured-lraenpi nud,t ravimdletti cai nmg i 8as pambleyo
the liner at a speed controlled by computers while air pressure is maintained in {A&SIié
International, 2011; United Kingdom Society of Trenchless Technology, Z0id3team and air
curing processhown inFigure2-7 ensureghat the temperature of water and steam is monitored
and controlled for the duration of thmuring time (United Kingdom Society of Trenchless
Technology, 2014)UV-curing resins cure the fastest and can achieve thinner thicknesses than
other resingUnited Kingdom Society of Trenchless Technology, 2084¢am cured resins are
the next quickest to cure then water and ambient curing rédimged Kingdom Society of

Trenchless Technology, 2014)

Steam/Air unit

Gauge station

Inflated fabric tube

. :

Figure2-7: Inflation of CIPPLiner with SteamAir (ASTM International, 2011)

Upon the completion of curing, the length abpg should be inspected for defects and if
any areas do not meet standards theatffieeted section of pipe may need to have the CIPP lining

removed and replacdASTM International, 2011)Several facta can lead to failure of a liner.
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Excess resin, inadequate curing times and temperatures can lead to wrinkles and fold in the liner
which are damaging defedi®as et al., 2016)The pressure applied to keep the liner to the host
pipe walls influences the thickness of the walls; thinner, denser walls are produced with high
pressure and thicker, less dense weaker walls were produced with lower pr@3asres al.,

2016) A combination of high temperature and high humidity can lead to increase pull times and
result in the liner sticking to the insidéthe host pipe, hardening in place and blocking the host
pipe (Das et al., 2016)Liner thickness can vary due to errors in manufacturing and resin
impregnation; liner compatibility with the host pipe must be ckddlefore installatior{Das et

al., 2016) Once the CIPP liner has proved to be satisfgicthe line can return to normal operation

(ASTM International, 2011)

Research on the environmenitalpact that CIPP liners have on the environment is in its
early stages but strongly suggest that pdaces and materials need to be altered. In a study of
four CIPP installation siteg, et al. (2019has foundhat UV cured CIPP liners release chemical
compounds into the local environment during installation and curing of the liner; 19 chemicals
were confirmed with analytical methods to have been released. Aqueous styrene, dibutyl phthalate
and phenol were founoh concentrations above water quality standards; Agueous styrene was
found in concentrations above 48 h aquatic toxicity thresfiolét al., 2019) A study of seven
CIPP installations performed with steam cured stydwared resins, found that styrene was present
at 5 of the 7 sites in concentrations above the Environnfemtabt ect i on Agencyo6s (I
limit for drinking water ad remained above this limit for 5 to 71 days after installation
(Donaldson, 2009)rhe maximum length of time styrene was detected in any amount was 88 days
after installation(Donaldson, 2009)Styrene is of @oncernas it can be toxic to aquatic wildlife

and is classified as a mutagen and potential carcinogen BEyPthéDonaldson, 2009Resin spills

21



can beharmful to local aquatic wildlife due to their styrene con{®analdson, 2009A 11 to 15

Litres 3 to 4 gallon spill of uncured resin caused the death of over 5500 fish in the creek
downstream from the installation sif@®onaldson, 2009)Li et al. (2019) suggest rare
environmentally conscious practices during CIPP installation to mitigate the amount of chemicals
released into the local environment; such practices include the use of barriers and mats to keep the
CIPP liner off the ground ant collect particles frm cutting the liner, rising the installed liner

before serviceandcollecting and disposing the rinse water, and testing the water quality of the

CIPP liner before it is allowed to become operatighaét al., 2019)

The NorthwesArm TrunkSewer NATS) locatedin Halifax, N.S. was found to be leaking
waste into the Halifax harbour after inspect{&®zdi, 2018) A pilot project on one of the arms
of the NATS confirmed that CIPP liner could be used on the largecincular sewerKezdi,
2018) Thenoncircular cross section of the sewer meant that the ASTM F1216 design process
was not applicable and the design of the liner had to be specifically engineered for the NATS
project(Kezdi, 2018) The project saw 13 installations of CIPP ranging from 75m to the longest
single run of CIPP liner in Canada which measured 6@2eadi, 2018) Weight restrictions of
bridges brced design constraints such as multiple smaller vacuum cleaning unitssatioicr@sin
impregnation (webut) (Kezdi, 2018) Onelocation, shot no. 9, could not accommodatsiin
wetout and a rare tecHeaedwptsep |l efedr wad tus eals fanm
Canada(Kezdi, 2018)the section was completed with two CIPP linersotiad been wedut in
the manufacturing facility and were stitched during the installation of thgKeedi, 2018) The
contract was awarded in May 2017 and the project was completed by December Ftha®i@ax,

2018; Kezdi, 2018)
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2.1.5 FRP Layup

Where manned entry @ossible and there is sufficient space to work, hand layup of FRP
is possible for sewer and culvert repair. For structural repsested and proven combiran of
fibers, resins and application metlsade applied by cod®r each cas¢Bank, 2006) The most
common combinations are glass or carborefiand epoxy resins; epoxy resins are chosen over
other resins due to its stronger adhesive properties and lower shrinkage after curing than other
industrial resingBank, 2006) As mentioned in the CIPP sectidk§TM F2019 (201) suggests

the use of polyester, vinylester epoxy resins for CIPP liners.

The installation of FRP strengthening system can be completed in a few simple steps. In
the cae of reinforced concrete, any damage on the surface must be repaired and the surface must
besandblasted smooth and cleaned; a clean smooth surface is essential for FRP indBaltdtjon
2006) The concrete is sealed with an application of primer once the surface(Badi; 2006)

Any apparent holes or gaps can be filled with putty and then the FRP layers can be applied to the
smooth surfacéBank, 2006) A protective layer of epoxy is applied over the installed FRP as the

finishing coat(Bank, 2006)

FRP wetlayup has proven to be an effective method of repairing prestressed concrete pipes
back to or above their original pipe classes strength requirenrantset al. (2015havetestel
the performance of FRP repair by fmmacking a concrete pip&ith a diameter of 610mm
repairing the pipe with FRP andtesting the rehabilitated concreteg@iphe ThreeEdge Bearing
(TEB) test procedure is outlad inASTM C497 Load is applied thnagh a wood beam lined with
a rubber strip at the crown of the concrete pk@ermalized load (Eload) describes the applied
load to the concrete pipe relative to the pipe dimensioAsal represents newtons per linear

meter of pipe per millimeter of irde diameterN/m/mm=kN/m/m)(Park et al., 2015)Following
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the TEB test procedure, load was applied to undamaged pipes to simulate damage. Applying load
at the crown will cause the formation of vertical cracks on the inner diameter at the crown and
invert,and then horizontal cracks along the exterior splimgas load increaséBark et al., 2015)

Park et al. (2015emoved load before the appearance of sgimgcracks to ensure the pipe was

not overstressed to failure. Environmensaltwater damage wasmulated by bathingipes
repaired with Carbon Fibre Reinforc@adlymer(CFRB in a 3% saline solution for 3000 hours
(Pak et al., 2015) Results from testing shodehat steel wireRCP and polypropylene fiber
reinforced concrete pipes (SYRRCP)could be repaired with multiple CFRP laydrark et al.
(2015)compared test results to the ultimaté_@ad pipe classequirementslescribed by ASTM

C76M in Table 2-1. For pipes under 1500mm in diameter, meetimgexceedinghe DLoad
requirement to produce a 0.3mm crack is sufficient to be accepted into a pipé albether
requirements are m@ASTM International, 2020)TheRCPsrequired 2 layers of CFRP to have a
repaired strength meeting requirements for Class Il pipes and 1 layer to meet strength
requirements of Clasi$ pipes (Park et al., 2015)SYN-FRCP repaired with single and double
layers of CFRP met Class | and Clasgpifie strength requirements but failed to reach Class Il
(Park et al., 2015Repaired concrete pipes bathed in the 3% saline solution for 3000 hours showed
no significant degradation of strengfRark et al., 2015)Lee & Karbhari (2005have also
confirmed thatvet layupof FRP can be&ngineered to withstand internal and external pressures
experienced by large diameter concrete pipes. While wet layup of FRP wagptablecmethod,
adhesion of FRP strips was found to be equally acceptable with the added benefit of minimizing

field work and future inspection procesgese & Karbhari, 05)
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Table2-1: D-Load Value Requirements for Pipe Clasgeproduce a 0.3mm crack and Ultimate LAGTM
International, 2020)

Pipe Class I I 1l v vV
D-Load - 0.3mm
Crack (N m mm) 40 50 65 100 140
D-Load - Ultimate 60 75 100 150 175

(N m1mm?)

2.2 Theory of FRP Rehabilitation
2.2.1 FRP sandwich technology

Wet layupof FRP allows for the creation of sandwich structures. The use of FRP sandwich
structures in pipe rehabilitation could allow for increased strength above the strength of the original
pipe design without sacrificing volumetric flow due to loss of cisesBonal area. Industrial CIPP
liners already utilise layered composite technologg. stated inASTM F2019, additional
intermediate fiberglass tubes can be added to satisfy static(A&dd International, 2011)The
use of FRP sandwich structureayreduce the number of layers required in situetiowhere extra
liner strength is required whilainimizing the crosssectional area lost. The interstitial core of the
FRP structure must be a flexible core that cannot ripple or wave as the lining conforms to walls of
the pipe. The use of flexible nemoven microballoon/microsphere cores can achieve this goal.
Nonwoven microballoon core materials find application as a-effsttive core material in
sandwich structures in the aerospace, automotive and construction indiigieServices &
Company, 2016)Microballoon cores have been found to eage stiffness while maintaining a
thin profile, reduce weight compare to conventional alternatives, and reduce resin absorption
(Murphy, 1998) The use of microballoon core in CIPP andestup rehabilitation projects has
the potential of decreasing material costs, installation {iméhe case of weayup), and wall

thickness threby increasing flowrate.
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The geometry of FRP sandwich structures aithicroballoon core material is analogous
to a steeldbeam.The objective of the core material is to increase the moment of inerilie wh
minimizing cost and strategically optimising the material properties of each sandwich layer. The
layer in contact with the concrete may hawmparablenodulsof elasticity to promote a more
compatible bond between materials. The core material neayoWw cost and reduce resin
consumption. The extreme fibre may be a stiffer material with high tensile strength as it will
experience the highest tensile strains furthest away from the neutras @xbibited in Wrapped
in a U shape along the tension side of reinforced concrete beam, a@ldssdFibre Reinforced
Polymer (GFRP and CFRP specimen with one ply of each achieved an ultimate load
approxmately 10% higher than either a CFRP specimen of 2 plies or GFRP specimen of 3 plies
(Attari et al., 2012) The use ofa hybrid FRP laminate composed of glass and carbon fibre
composites have found b dfective at strengthening a reinfed concrete beam with less than

20% reduction in ductility compared éacontrol beanAttari et al., 2012)

2.2.2 FRP Rehabilitation of RC beams

Sha &Davidson (2020haveanalysed théondslip relationshigbetween FRP laminates
and a reinforced concrete beaafosed form solutions were developed for interfacial stresses
between a concrete beam and externally bonded FRP under uniformly distribadedid
composite beam theory. Thetérfacial stressesan bepredicted with closed form solutioms

good agreementith FEA andanalytical result§Sha & Davidson, 2020)

Teng et al. (2003)dentifies 6 failure modes of FRP bonded to the tension side of a
reinforced concrete beam. These modes include FefRture, concrete crushing at compression
face, shear failure, concrete cover separation, shear failure of concrete, plate end interface

debonding and intermediate craickluced interfacial debondir(@eng et al., 2003)ntermediate
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crackinduced debonding is a mode of failure for concrete with FRP bonded to the tension face.
As a crack intlte concrete widenslelamination is initiated at the interface of the crack and bonded
FRP (Teng et al., 2003)Of the failure modes of FRP adhered to RC identifiedbgg et al.
(2003) intermediate crackhduced debonding is a potentbde of failure for an RCP specimen
repaired with FRP because craegkghe crown and invedn the tension facef the pipe are in
contact with the FRP liner. The crown and invert are critical zones for failure and will experience

higher moments than elsbere on the pipe as shown.in

Concrete specimens with multiple spaced grooves of 1mm and 3mm groove width were
covered by externally bonded CFRP and tested in single sheaupalhd thregoint bendindoy
Wan et al. (2018)rhelmm groovesvereachieved bylugging a 3mm groverith 1mm of Teflon
sheets and allowing epoxy to fill themaining gap, the Teflon sheets were removed aifftieéng
to reveal the gafepoxy infiltration was inhibited by a silicorsealanfor the 3mm growves. The
1mm grooved specimens were found to have a bond strength comparable to control specimens and
higher than the 3mm grooved specimens duenmi even stress distribution across the loaded
specimen(Wan et al., 2018)The bond between RCP and FRP at the crown and invert is not
expected to beompromised by the initial cracks but only as the cracks begin to widen under

loading.

When tested i-point bending, ncreasing layers of CFR&lhered to a concrete beam
changedhefailure mode fronFRPrupture to delaminatiofiloutan;ji et al., 2006)Observations
showed that flexural cracks initiated delamination of concrete with greater layers of CFRP and the
delamination propagated towards the shear §pauntanji et al., 2006)For concrete with fewer

layers of CFRP, the controlling factor for failure was the tensile strength of the CFRP resulting in
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FRP rupturéToutaniji et al., 2006 Delamination is a preferable mode of failure as the delaminated

FRP liner may still act as an intact pipe.

2.2.3 CastiglianoMethodMomentCalculation

The Castigliano methothay be used to determine deflectiand define momentsia
virtual work (Watkins, 2000) The Castigliano methaassunesthat the specimen acts as a thin
walled ring with symmetricalwo plateloadingwith constant stiffness throughout the walls of the
specimer(Watkins, 2000)Heger(1962 calculated the momemtithin the concrete pipealls in
TEB loadingat radial locations using the Castigliano method for initial cracking atr¢encand
invert and the column analogy method for stage two cracking which additionally includes cracks
atthespringline of the pipe as seenhkigure2-8. The Castigliano method yield moments defined

at the crown and springline such tfMtatkins, 2000)

Where P isapplied load at the crown and R is mean radiecerril Garcia & Moore,
2016) Becerril Garcia & Moore (201@pundthat the closed form solutions of the Castigliano
method moment calculations meaccurate within 25% for determining the average flexural
properties of RCh TEB loading The RCP specimens were 300mm in length wternal and
external diameter of 610mm and 800mm respecti(@écerril Garcia & Moore, 2016Becerril
Garcia & Moore (2016alsodetermined that increasing the spacing between the lower bearing
strips cradling the invert of the TEB test negatively affected botmtgmnitude of the moments
developed in the ring wall as well as the horizontal antical diameter change during loading.
An experimentally determined modulus of elasticity (E) can effectively prédiaral RCP

behaviour inTEB loading(Becerril Garcia & Moore, 2016)
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Figure2-8: Theoretical Thred&dge Bearing (TEB) Moment Distributiofideger, 1962)

In reinforced concrete beams with FRP composites applied to the tension side, the
evolution of flexural behaviour was defined as having three distinct linear regions asgendan
2-9. The slopes of the regions relate to the stage of loading; the first slope corresponds to the FRP
beam with uncracked concrete behaviour, the second slope beings as the concrete in the beam
becomes cracked, and the third slope represents the plastic behaviour of concrete beyond yielding

until failure (Attari et al., 2012)Such evolution of moments in a concrete pipe was calculated by

Heger (1962) irFigure2-8.
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Figure2-9: Segmented Moment vs. Curvature in Reinforced Concrete Beam Strengthened with FRP composites
(Attari et al., 2012)

2.3 Research Gaps

There is potential for future research on the subject of RCP repaired with FRPTIheers.
closed form moment calculations from the Castigliano method have not yet been tested on cracked
RCP specimens or cracked RCP specimens repaired with FRP matefi&B inading. The
loading behaviour of RCP repaired with FRP materials has yet to be raddedrformance of
RCP repaired witlsandwich FRP composites in TEB loadings yet to be testedhere are
currentlyno guidelines or standards relevant to structural analysis of FRP rehabilf&idmas
not yet been used to modee behaviouof RCP repaired with FRP linerGyclical and in service

conditionshave not been evaluated for FRP liner repairs of RCP.
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Chapter 3. Experimental Program

A series of TEB tests were carried outn RCP specimens which were damaged and
repaired with FRP material$he objective of the pair is to meet or exceed uncracked loading
behaviourThe structure of the FRP liner was varied between fBsésliners tested includeFRP
or CFRP only linersind sandwich liners with GFRPFRP, or a hybrid of CFRP and GFRP skins
with a syntactic foam cor@he hybrid sandwich liner can be seerFigure 3-1 applied to the
inner diameter of the RCP specim¥ertical displacement, horizontdisplacementand strain at
the crown and springlineere collected as data during fhieB tests.The ultimate limit states are
considered as there currently no reference stanttarggviceability statesThis chapter describes

the test matrix, materials, instrumentation, test seaguyts,and observationgf the experiments.

Syntactlc Foam &8
'Core

Figure3-1: Hybrid Sandwich Structure of CFRByntactic Foam and GFRP

3.1 Materials

3.1.1 FRPMaterials
The sandwich liner is composed GFRP orGFRP skins, and a syntactic foam of non

woven polyester fibre with 40%vol microballoons. The composite was impregnated with an epoxy
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resin. The syntactic foam useasvBulkermat+BSP,-#000 with a longitudinal tensile strength

and modulusf 6.4MPa and 1190MPa respectivedynd transverse tensile strength and modulus

of 5.0MPa and 1000MPa respectively described by the manufactuadter curing with epoxy

resin The CFRP, GFRP and epoxy resin were commercial productions designed for structural
applicationsMaterial properties were taken frahe providednaterial properties data shegtsm
CFRP wused was

the manufacturerT h e QuakeWr apEtensili®@18C C

strength of 3.8GPa and tensile modulus of 231
Glass Fabric with a tensile strength of 3.24GPa and tensile modulus of 72.4GPa. The epoxy used
was QuakeBondE J300SR Satur at iusgtenfesréngtholii t h &

49.3MPa and tensile modulus of 1995MPa.

The laminatedmaterial properties ofthe FRP materials can be seeTiable 3-1. The
nominal thickness of the laminat&@FRP,GFRP, and syntactic foam core material are 1.3mm,
1.01mm, and 4mm, respectively.The laminatedCFRP hada tensile strength of08MPa and
tensile modulus 068,600MPa ThelaminatedGFRP hadh tensile strength &87MPa and tensile
modulus 0f27,400MPa Experimental results find that the resin impregnatgttactic foancore
has an elastic modulus of 353.6MR#er curing(MacDonnell & Sadeghian, 2020Yensile
strength of the syntactic foam after laminatieas taken to be 6.4MPa in the longitudinal direction

as per the manufacturer.

Table3-1: Laminated=RP Material Propertiea the Longitudinal Direction

GFRP CFRP S{rg:r‘;ﬁc
Tensile Strength (MPa) 587 708 6.4
Tensile Modulus (MPa) 27,400 69,600 353.6
Nominal Thickness (mm) 1.01 1.3 4.1
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3.1.2 RCP Materials

The RCP materialare concrete and steel rebaks seen imMAppendix I: Experimental
Compressive Strength @foncrete 6 t he average ultimate compr es
pipes was experimentally determined to34e73MPa The steel rebar present in the reinforced
concrete consisted ofspiral stirrupat a pitch 069.85mmand9 longitudinal rebaspaced evenly
at every 40 across the circumferencehe spiral stirrupsand lomgitudinal steel rebasre5mm in
diameter andhavea minimum yield strength of 450MPa according to the manufagtStexscon

Bedford, NS, Canada)

3.2 Three-Edge Bearing (TEB) Test

As described ilMASTM C497M the TEB test is a standardized method fotirigsthe
strength of concrete pipdASTM International, 2018)The TEB test setup was used to test the
ultimate loads and subsequeridad (normalised load) of the RCP specimens. The setup was
constructed of commercially available softwood, and a steel | beam, with tolerances within the
acceptable limits described @497M. Asshown inFigure3-2a, the 0.5m RCP section was loaded
onto the lower bearing strips of the setup and the upper bearing beam was lowered onto the crown
of the specimen. Load is applied to the specimen via hydrpedss at a uniform loading rate not
exceeding 43.8kN per linear meter of pipe per minute and halted as cracks being to appear at the
crown and invertThe hydraulic pumwalve was opened tthe same position for each teshe
damaged specimen is repaireith the prescribed repair method and tested again beyond peak
load at the sameniform loading rate. The dIbad is calculated by dividing the load (N) by the

length of the pe specimen (m) and inner diameter of the pipe (fSB)I'M International, 2018)

Thevertical displacement was @&ured with a string potentiometer affixed to the upper

and lower bearing strip3.he horizontal displacement was measured with a linear potentiometer
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affixed to the frame of the hydraulic press and contacting Gifj#3,seen inFigure3-2a, which

had been leveled and glued to the outer springline of the specimen to provide a flat measurement
surface as the specimdepresses with loa&train at the inner crown and inner springline at the
extreme fibre of the FRP was measured with the use of strain gdbgesg the damage
simulation phase, only vertical displacement was meds@&teain at the crown and springline,

and horizontal andvertical displacement were measured for the specimens which had been

repaired with FRP.

==
=

"hs

B

=
E

Crown

Shoulder

Springling

— i

S Linear
Potentiometers

(b) String Potentiometers | (c)

Figure3-2: Instrumentation an@hreeEdgeBearing (TEB)Test Setufda) Diagramof TEB test (b) String
Potentiometeand Linear Potentiometémocation (c) StrainGaugel ocation

Invert

(a)

3.3 Specimen Preparation

3.3.1 RCP specimens
Five RCPs with a nominal pipe diameter of 375mm, imli@meter of 381mm, and length
of 2.4m were donated fr om a whichmaylhavphegnecjectealn uf a c
or returned for any reas@nd cut into four 0.5m specimessen inFigure2-1. A 381mm inner
diameter was chosen to facilitate storage and maneuverability of the specimens within the labs.

Control tests were performed to determine pipes of similar concrete strength. Pipes 4, 5 and 1 were
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found tohave comparable compressive concrete strength. Avé@ggues of each pipe were
calculated from 3 samples tested in compres$tgre 4 was found to have an averbg&alue of
54.77MPa withCoefficient of Variation COV) of 14.87%, Pipe 5 was found to have an average
f c&alue of 53.85MPa with COV of 9.07%, and Pipe 1 was found to have an afedegae of

56.42MPa with COV of 14.32%.

Figure3-3:Cutting of Full-lengthRCP into 500mm Specimens

3.3.2 Damage Simulation

Damage was simulated by applying load to the specimens via TEB. The distinct audible
crack as the crown and invert cracked simultaneously was used as adstafetance of damage
between specimen€racking at the crown and investevidence that an RCP in the field may be
compromiseds the inner diameter of the pipe is the most accessible for inspection and the greater

moments at the crown an invert wéhuse cracking on the inner diameter of the pFewnin
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Figure 3-5a, the load is applied to a metal | beam acting as a load spreader which presses the
wooden toeam onto the crown of the pipe. Two smaller wooden bearing strips cradle the invert
of the pipe. A load cell screwed to the hydraulic press and | beam measures the applied load. As
seen irFigure3-5b, string potentiometers attached to the upper and lower wood beams on opposite
ends of setup measured vertical displacenfedifference between the experimental tests and in

situ application is that the cracks in concrete at the crown and invert avedlio close once load

is removed from the cracked RCP specimen. It would be expected that wider cracks would make

delamination more likely at lower loads as seewsmn et al(2018)

Figure3-4: (a) Removal ofProtrusions(b) DustRemoval withBrush andCompressedir

3.3.3 Wet FRP layup

After the RCP specimens had been damaged, the inner concrete surface was prepared for
wet FRP layupSeen inFigure3-4, Protrusions were removed with a hammer and chisel and dust
was removed with a brush and blasts of air from an air compressor. Once smooth and free of dust
and debris, an epoxy coat was layered onto the inner concreteesteidy to accept wetted FRP
materialas seen irrigure3-5. In the longitudinal directiongarbon andylassfabrics werecut to
double the inner circumference plus an additional 10cm for overlap allowing a continuous double
layer of FRP skinsThe syntactic foam was cut to the length of 1 circumference including the
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thickness of the FRP skin. The syntactic foam layer is butt joined when the ends of the layer meet
with any gap larger than 2mm filled with a strip of syntactic foam. Epoxy resimixas! and let

sit for 20 to 30 minutes to allow the resin to become more viscous for better adhesion to the crown.
Resin was applied to one circumference length of fabric at a tir38:minute pause was taken
before and after the application of the sgtitafoam layerto allow the resin to become tacky
between layer application®©verlapping sections and butt joints were alternated between the
haunches of the pige avoid the addition of an extra ply to measurement locatiditer curing,

excess fabric which extended past the concrete was trimmed with a angle grinder and.ffap disk

light brush of epoxyvas applied to the cut edges.
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Figure3-5: Installation of FRR.iners(a) Damage Simulation in TEEb) Wetting ofInnerConcreteSurface with
Epoxy; (c) Wetting of Outer FRPCircumferenceBefore Application (d) Unravelling of FRRWithin the Specimen
During Application
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3.4 Test Matrix

The test matrix iMable3-2 describes the repair system applied to each specimen using a
wet-layup method. Where layer of fiber is described by a single letter where G = GFRP, C =
CFRP, B = syntactic foam core. The order of the letters describes the order of the layers starting
with the fabric in contact with the RCB.¢.,GGBCC starts with two layers of GFRP in tact
with the RCP, a syntactic foam core and two layers of CFRP acting as the exposed surface of the
liner). The liners to be tested will be referred to as GFRP liner (GGGG), GFRP sandwich liner
(GGBGG), and hybrid sandwich liner (GGBC@) total, 3 catrol tests were performed aid

tests with FRP liner repairs were preform&@FRP only liner, 2 GFRP sandwich liners, 2 hybrid

sandwich liners, 1 CFRP only lindtfigure3-6 displays thdestedRCP specimens

Figure3-6: Repaired RCP with FRP Liners (a) GGGG (b) CCCC (c) GGBGG (d) CCBCC (e) GGBCC

Table3-2: Text Matrix of Liner Repair Systems

Specimen| Control GGGG GGBGG | GGBCC | cCcCBcCC CCCC
RCP 1 X X
RCP 4 X X X X
RCP 5 X X X X
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3.5 Results and Discussion

3.5.1 D-Load, Vertical Displacement, and Strain

All FRP repaired specimens outperformed the control tests in terms of maxinioaa D
achieved as seenTrable3-3 andTable3-4. The highest BELoad was achieved l$GBCC- RCP
5 at803N m* mmt with a crown gtain of 11190 Gnd vertical displacement 6£95mm. The
highest crown strain was achieved ®EBGG- RCP 5at 1804 With a D-Load of 62N m™
mm* and vertical displacement of 5.26mfhe highest BLoad was achieved b@ontrol- RCP
5 which reache@65N m™ mm! at a vertical displacement of 11.63mm as seefainie3-4 and
Figure3-7. The gap in data after the initial peakthe control plots ofrigure3-7 is due to the
vertical displacement of the specimens changing faster tt@artime interval between data
collection pointsData points were collected every tenth of a secDAdoad vs Strairat the crown
and springline for all specimens was plotbed-igure3-8. Plots comparing the maximumDpad
of repaired RCP specimens with theLDad required to prodecthe initial damaging cracks are
plotted in Figure 3-9. Data below 25kN (Approximately 130kN-Doad) was truncated and
replaced with a linear projection to account for seating of the specimEigure 3-9, the crack
series represents thel®ad vs vertical displacement data collected in the damage phase up until
the crownand invert cracked on the RCP specimglh repaired specimens achieved higher D

Loads ad vertical displacements than the initial crack of the bare RCP specimens.
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Table3-3: Maximum Values of BLoad, Vertical Displacement, Horizontalsplacement, Crowtrain, and
Springline Strain for RCBpecimens Before and After Repair with FRP

Initial Crack Repair
MAXIMUM VALUES MAXIMUMVALUES
. Load DLoald Vertical| Load DLoald Vertical Horizontal Crovyn Sprmg_hne
Specimen (kN) (Nm mm) | (&N) (N m (mm) (mm) Stain Strain
mm?) mm?) (] oK (
GGGG
RCP 4 45 241 2.39 89 482 3.69 -1.19 746 -374
CCCC
RCP 1 49 262 2.62 111 594 3.46 -1.64 273 -221
GGBGG
RCP 4 45 237 2.01 87 462 3.88 -1.38 278 -873
GGBGG
RCP 5 56 301 3.01 118 629 5.26 -2.76 1804 -918
GGBCC
RCP 4 56 294 2.48 110 581 4.74 -1.52 584 -253
GGBCC
RCP 5 62 327 3.16 153 803 6.95 -2.72 1119 -554
CCBCC
RCP 5 60 321 3.08 129 690 5.66 -2.78 504 -453

Table3-4: Vertical Displacement aflaximum D-Load for Control RCP Specimens

Load D-Load Vertical

(kN) (N ntt mm?) (mm)
ngf: 49 258 13.46
ngfg 51 265 11.63
nglrf'l' 23 121 2.04

3.5.2 Observations and Discussion

Theaccuracyof the DLoad vs vertical displacement plots will be further discussed in the
numerical section when compared toAFEesults. Fixing the string potentiometer to the upper and
lower wood bearing strips may have included the measurement of the compréssiod a the
displacement measurement. Since the measurement location and test setup was consistent across

all tests, the measured values may be compared to eachAithrepaired specimens achieved
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higher DLoads than the initial crack of the bare R§ecimens and control specime@&CC-
RCP 1 which experienced a minor delamination, as exhibited by the strain préfitgine 3-8,
before reaching peakdd was able to outperform control specimen and the initial cracking D

load Therefore, the repair of damaged RCP with FRP materials may be considered successful.

Seen irFigure3-10, still frames at the moment of failure were taken from video recordings
of each test. Visual analysis between the frame before and after failure reveals the location and
mode of failure. The initial cracks at the errcrown and invert, and at the outer springline open
simultaneously and the liner delamination propagates from the location at which the cracks at the
crown and invert meet the liner. Such that the mode of failure can be categorised as crack induced
deboming. It was observed th& GBCC- RCP 5 failed at the highestibad among all tests as a
new crack formed at the crown. All other specimens failed as the original cracks from the
damaging phase opened. TGEBCC- RCP 5 test occurred later in the testing timeline and may
have benefited &m prior application experience which led to better adhesion of the liner and
subsequently the development of a new crack failure in the concrete of the Bewmeen
GGBCCRCP 4 and RCP 5 the maximurd@ad increased from 28#m* mm? to 327N m*mny
Lan increase of 119BetweenGGBGGRCP 4 and RCP 5 the maximuml@ad increased from
23™N mimm?to 301N mtmmtan increase of 27%. The experience of the FRP appliers may be

factor in the delaminatioaf FRPliners under load.
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Chapter 4. Simplified Finite Element Analysis

A numerical study was conducted to model the elastic behaviour of damaged RCP repaired
with FRP materials in a TEB®ading setupCross sectional analysis using the moment evolution
equations described subchaptel.2 resulted in highorder polynomials tharequire iterative
solutions. The assumptions matte describe the cracked sections of R{DPthe moment
calculation byHeger(1962)for first and secondtagecrackingdid not yieldcalculatedstrainsthat
agreed withexperimental resultand subsequent adjustments to the width of theked sections
did not improve results. FEA in ABAQUS was chosen to model the behaviour ®?GRe
specimens repaired with FRP liners before delaminakiothis chapter, the model @escribed,
and the results are compared with empirical data presented in Chapter 3. A parametric study was
performed with gipe modebf inner diameter of 762mm, wall thickness of 152.4mm, and length
of 1000mm.A hybrid sandwich ofsFRP, Syntactic foam, and CFRP layers were applied in the
parametric model. The number of layers were varied to achieve different thicknesses of FRP layers.

Results of the parametric study are discussed.

4.1 Model Description

FEA was performed to gain a better understanding of the distribution and development of
strain within the specimens. The student edition of ABAQUS was used to pétEohmnalysis
on the loading of a concrete pipe lined with FRP materialsaisamed that the model is in plane
stress due to upper and lower bearing strips of the TEB setup with no force apghedZin
direction A circular cross section in the XY plane was modelled to match the dimensions of the
experimental specimens of vamgiliner compositionAs seen irFigure4-1, ameshwith a reduced
integration linearelement typ®f CPS4Rwas used to define the modelith a limit of 1000 nodes

as allowed by the student edition of ABAQU®minal material properties and thicknesses were
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used to define the FRP materials and average dimensions of the RCP were used to model the
specimens with an average inner diameter of 380mm, average wall #3cir&3.5mm ankéngth

set to 500mm

Figure4-1: Mesh and Orientation ¢fRP Sandwich Liner on Concrete PipefABAQUS

4.2 Materials

Thematerial properties of the FRP materialrataken from manufacturelata sheets and
experimental resultd.aminated with epoxy, the CFRP had a tensile strength of 708MPa and
tensile modulus of 68,600MPa. Laminated with epoxy, the GFRP had a tensigsties87MPa
and tensile modulus of 27,400MPa. Experimental results find that the resin impregnated syntactic
foam core has an elastic modulus of 353.6MPa afieng (MacDonnell& Sadeghian, 2020).
Tensile strength of the syntactic foam after lamination was taken to be 6.4MPa in the longitudinal
direction as per the manufactur&igure 4-2 ard Figure 4-3 display the idealised stress strain
curves used to describe the FRP materials laminated with ep&BAQUS. The bond between
the FRP liner and concreteas assumed to be perfect for these models as the objective of this

studyto explorethe behaviourof RCPrepaired with FRP linersefore delaminatian
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Table4-1: ABAQUS InputParameterfor Laminated=RP MateriaProperties

GFRP CFRP Syntactic
Foam
Tensile
Strength 587 708 6.4
(MPa)
Tensile
Modulus 27,400 69,600 353.6
(MPa)
Nominal
Thickness 1.01 1.3 4.1
(mm)
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TheFEA was simplified to have a solid concrete wall to accommodate the limited number
of nodes available in the student version of ABAQUSe concrete damage plasticity (CDP)
model in ABAQUS was selected to model the inelastic behaviour of condr@emed & Nehdi
(2016) implementedthe CDP model to describe concrete behaviour of RC pipes in TEB test
loading. The expected failure modes of concrete are concrete cracking at the inner crown and
invert, and outer springline and concrete crushing at the outer crown and invert, and inner
springline. The linear elastic region of concrete is showirigure4-4. The plastic behaviour of
concrete was modeled by the CDP model in ABAQBS seen imAppendix |: Experimental
Compressive Strength @foncrete 6 t he average ultimate compr es
pipes was experimentally determined to3#73MPa Default values for the concrete damage
plasticity model in BAQUS were selectedABAQUS/CAE Defining a Concrete Damaged
Plasticity Mode) n.d.) The value of dilation angle in the CDP model was selected to°hetidh
was used in the development in of the simplified CDP model available in ABAQUS; the dilation
angle normally ranges from 2@o 40° (Hafezolghorani et al., 2017The poisson ratio was
assumed to be 0.&hansawat et al.,, 20Q9)he elastic modulus of concref®, and tensile
strength of concret€Q) were calculatedespectivelyChansawat et al., 2009)

(6] txo@e
Q0 TE ¢ FQRe

Table4-2: ABAQUS Input Parameters for Concrete Material Properties

, Poisson| dilation “pol ¢
f.(MPa)| E(MPa) | f, (MPa) Ration | angle f) 0 Ke >
Concrete | 54.72 35014 4.60 0.2 31 0.1 1.16 | 0.666667 0
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4.3 Analysis Procedure

FEA was performed in the student version of ABAQUS. The 2D model was drafted with
dimensions provided from the manufacturer for FRP materials and average dimensions measured
from the RCP specimens. A negative load was applied to the crown of the specinmenlatesi
the contact of the upper bearing strip. Two pinned boundary conditions simulated the contact of
the lower bearing strips with a gap of 31.75mm to match the gap between the rounded bearing
strips used in testing. The gap between pined boundary iorsdih the parametric study was
increased to 57.45mm tnsure the model would comply with spacing requiremensS3fv
C497M The applied load wascreaseduntii ABAQUS would returna convergence error
Contour plots would be collected for elastic (LE) and plastic (PE) swaite theload and strain
datawasexported and plotted in exc8eries with duplicate data poirdsthe same time interval
had the saand data pointruncated ABAQUS separates elastic and plastic strain such that total

strain would be the sum of both LE and PE.
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Figure4-5: Load (Crown) andwo Boundary Condition (Invert) Locations &1EA in ABAQUS

4.4 Mesh Sensitivity and ModelLimitations

Themodel which has been used in FEA has been simplified to accommodate limitation of
the studenedition of ABAQUS Steelrebar was not considered in FEBAd instead the walls of
the RCP were made to be solid concréencrete damage was not simulated in the madegs
assumed that thepplied FRP liner returned the concrete to qgracked strendt The bond
between FRP materials and concrete was assumed to be perfgedicting delamination failure
was beyond the scope of the projddie simplified concrete stress strain curve does not capture
cracking before reaching the ultimate strengthcarficrete.The plastic behaviour beyond the

ultimate strength of concretedescribed by th€ DP modelin ABAQUS.

A mesh sensitivity analysis was performed withadternatve mesh witha threenode
linear plain streselement type CPS3 seenkigure4-6 (ABAQUS/CAE Tw®imensional Solid
Element Library n.d.) The mesh used in the FEA trials was@de bilinear, reduced integration
with hourglass controlelement typeCPS4R shown in Figure 4-1 (ABAQUS/CAE Two
Dimensional Solid Element Library.d.) Seen inFigure4-7, the agreement between FEfAd
experimental resultsvithin the range ofexperimental data but begins diverging beyond the

maximum of the experimental results.
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Reduced integration element types in ABAQUS, such as CPS4R, can experience a problem
described as hourglassisgen inFigure4-8. Coarser meshesith reduced integration element
typesin ABAQUS experience a probleim bending In somecase, the pathghrough the single
integration point at the centroitepresented by the dotted Ignm Figure4-8, remainunchanged
after distortion resulting in aercenergymode(ABAQUS/CAE Reduced Integratjamd.) The
propagation of this error can lead to low accuracy results and is responsibtedased flexibility

in FEA. ABAQUS compensates for this problem with an added hourglass stiffaetss and
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recommends to use a mesh with at least 4 elenaentss the ibkness ofa modelwhich will

carry bending load¢ABAQUS/CAE Reduced Integratjaond.)

(v L.

Figure4-8: Hourglassing Problem with Reduced Integration Element T¢pBAQUS/CAE Reduced Integtion,
n.d.)

4.5 Model Verification

The plots in ABAQUS share the sartteeesloped curve as described Bytari et al.
(2012. As seen irFigure4-10, plastic strain begins to develop%8kN at the crown and1&N at
the springlinesignaling that cracking has commenced. On the respective elastic strain plot seen on
Figure 4-9, the elastic load vs strain profilexhibit an inflection point corresponding to the
development of plastic strai@ontour plots of the plast&trainon Figure4-11illustratethe plastic
strain first developing at the inner crown and subsequently at the outer sprifigiéneecond
inflection point on the plastic strain pMvhich signals the maximum strength of concrete has been
reached occurs at 89kN at the crown and 126kiNeaspringline. The three sloped curve is most
prominent on the springline ploté load vs. plastic strairA full catalogue of load vs. strain
profiles is availablén Appendix II; all other FEA results exhibited similar behaviotine efficacy
of the FRP liners demonstrated Figure4-12 which compares a bare concrete pipe to a concrete
pipe with a GFRP liner (GGGG); the bare concrete pipe has developed a significant amount of
plastic strain at the crown and invert while the GFRP liner specimen has yet to experience plastic
strain.Figure4-13 displays load vs. strain plots comparing experimental results for strain at the
crown to the full results from ABAQUS for the strain at the crown. Thieldad vs strain plots
show thatmost specimens experience delamination before or shortly after the slope begins

deflection. The inflection points corresponding to concrete cracking and ultimate concrete strain
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may be reference points for determiningesaperating limitsFEA results were extended beyond

experimental resultstogaimw er st andi ng
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Figure 4-14 displays experimentalstrain data collected at the crown of each specimen
plotted against crown strain data fromAkh ABAQUS. Apart from the CCC and GGBGG
specimengtheexperimental and ABAQUSBIots appear to share similar curve shayjpesoborated
with the COV values iTable4-3. The CCCC specimegppears to have had a minor premature

failure which caused a jog in the data. The GGBGG data generated by ABAQUS plots between
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the two experimental run8s the curing time between layers wasgthened for RCP-6GBGG,
the bonding between FRP layers andarete may have been improved leading to higher a failure
load. The shape of the curves is similar and exhibit psénear behaviourSeen inTable4-3,
The Coefficient olVariation(COV) for each specimen was below 20% across all tgsdgt from
the CCCC specimen which exhibited a premature failure and had a higher COV of 54.93%.

COV of 2% or lower is considerdd indicate that the variation between series is low.

There is a discrepancy between the FEA results and experimental results of horizontal and
vertical diameter change seenhkigure 4-15. A potential source of error is the test setup for
measuring displacement. Vertical displacement was measured with a string potentiometer strung
from the upper wood bearing strip to the lower wdmhring strip. At these locations, the
compression of the wood bearing strips may have interfered with vertical displacement results.
The rigid CFRP strips glued to wood and subsequently glued to the outer springline of the
specimen, may not have accuratetacted to the compression of the specimen with the same

resolution that can be achieved with FEA.
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Figure4-15: Comparison of Load vs. Vertical Diameter change for a GFRP Only Liner in ABAQUS and
Experimental Results
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Table4-3: Test/Model Ratios for Crown Strain with COV (%)

, ABAQUS TEST Test/Model
Specimen - = X -
Load (kN)| Strain (i) | Load (kN)| { G NJ A | Ratio | Avg Ratio| COV (%
GGGG |RCP4 25.85 136 25.27 1441 1.06 1.04 5.05
53.30 328 52.78 360| 1.10
80.75 618 81.03 603| 0.98
89.90 731 88.46 746| 1.02
CCcCcC RCP 1 29.38 120 29.336 81| 0.67 0.38 51.93
70.98 315 71.056 80| 0.25
91.78 454 91.768 1411 0.31
112.58 612| 111.863 172| 0.28
GGBGG | RCP 4 28.25 125 28.25 49| 0.39 0.42 9.11
48.25 227 48.32 105| 0.46
68.25 388 68.39 1501 0.39
78.25 479 78.05 211] 0.44
RCP 5 28.25 125 28.25 213| 1.70 1.73 3.19
48.25 227 48.32 380| 1.68
68.25 388 68.39 692| 1.78
108.25 891 107.79 1586| 1.78
GGBCC | RCP 4 28.25 92 28.25 104 1.13 1.08 7.71
48.25 158 48.32 185 1.17
88.25 394 88.46 4071 1.03
108.25 569 107.79 566| 0.99
RCP 5 28.25 92 28.25 1521 1.66 1.42 19.15
48.25 158 48.32 258| 1.63
88.25 394 88.46 518| 1.31
148.25 1003 147.93 1094| 1.09
CCBCC |RCP5 28.25 83 28.25 86| 1.03 0.94 12.10
58.25 179 57.98 186| 1.04
88.25 329 88.46 294| 0.89
128.25 603 127.86 4841 0.80
TOTAL 1.00 47.88

4.6 Parametric Study
A parametricstudy was conducted to explore results of larger diarnetarete pipes. The
wet layup method of trenchless rehabilitation is more practically applied to larger diameter pipes
rather than small diameter pipes due to ease of manned aldvegmrametripipe model had an
inner diameter of 762mm, a wall thickness of 152.4mm, and a length of 1000varnybrid liner
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structure consisting of double layers of GFRP and CFRP was selected due to it achieving the
highest peak Boad in testing. The number of GFRRd CFRP sheets was varied between 2 and

6 in intervals of two and syntactic foam core layers were varied from OrteeZhomenclature of
specimens begins with the layer in contact with concrete and subsequent layers follow the hyphen.
The number indicatethe number obliesin the layer and the letter the fabric type; G for GFRP,

C for CFRP, B for Syntactic Foamh@ resultant specimen labels can be sedialne4-4.

Table4-4: Test Matrix of Parametric Study

Syntactic Foarhayers
0 1 2 3
2| 2G2C | 2GB2C | 2G2B2C| 2G3B2C
4G4C | 4GB4C | 4G2B4C| 4G3B4C
6| 6G6C | 6GB6C | 6G2B6C| 6G3B6C

HybridLayers
N

The strain at the extreme fibre of the FRP liner was compared between all timeesiseci
as seen ifrigure4-16. Each additional layer shifts the load versus strain curve upwards yielding
higher loads at similar strains. Increasing the numb&FRP and CFRPIies in the sandwich
increass the load bared at a given strain to a greater ex@ente theFEA does not account for
delamination failuredata points closest @000 Were compared ifable4-5. The increase in
load due to additional layers of syntactic foam, which accounted for a maximum increase of 78kN
between 6G6C and 6G 3B 6C, is lower than the increase of load for add@iERRl and CFRP
plies. The increase of load between 2G 2C and 4G 4C was 172Kr68kid between 4G 4C and
6G 6C.This data suggests thatreasing the number of GFRP and CFRP plies is a more effective

method of increasing the load bearing of the FRP linargaten strairas seen ifrigure4-17.

The loading behaviougxhibits distinct slopes beginning with the first three described in

the model verification section and additional fourth slopg-igure4-18 andFigure4-19 display
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theload vs. elastic strain and load vs. plastic stpdots, respectively. The springline best exhibits

the distinct slope sections with the first three sections corresponding to elastic loading with no
plastic strain, concrete cracking and achieving maximum concrete strength. The fourth slope can
be explaned by the additional development of plastic strain at the interior of the concrete
springline at 931kN. The implication being that the entire cross section of springline is
experiencing plastic straidditional research is required to determine the behaviour of large

concrete pipes lined with FRP materials.
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Figure4-16: Comparison of Extreme Fibre Strain of FRRer with Varying Layers of Syntactic Foafdata has
been fitted with lines for visualisation)
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Figure4-17. Comparison of Extreme Fibre Strain of FRP Liner with Van@kin Layers

Table4-5: Loads of Parametric SpecimensCiisestDataPoi nt t o 200000

Load (kN)| strain (1)
2G2C 335 1990
2G1B2C 345 1957
2G2B2C 366 2100
2G3B2C 369 2026
4G4C 507 2047
4G 1B 4C 522 2006
4G 2B 4C 553 2076
4G 3B 4C 559 2012
6G6C 665 1982
6G 1B 6C 706 2039
6G 2B 6C 728 2015
6G 3B 6C 743 1976
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Chapter 5. Conclusions and Recommendations

The objective of this thesis was to explore the behaviour and failure modes of RCP repaired
with FRP liners and subsequently provide a foundation for future swa@ikd design
recommendationd.o achieve this objective, RCP specimmavere damaged and then repaired with
FRP materials to be tested in TEB loading. Experimental results were compared to FEA results
from ABAQUS. A parametric FEA study was performed to lesg the behaviour ofarger

diameter RCPs repaired with varying layers of FRP materials.

Load vs. strain plots dfoth FEA and experimental results displayed 3 sloped behaviour
associated with the elastic, cracking and plastic strains of concretetidmflpcints corresponded
with a development of plastic strain in the concrete at the inner crown and outer springline in FEA
results.The plots ofFEA and test results were visually in agreement and had an overall test/model
ratio of 1.00 and COV of 47.88%. The specimen with a CFRP only liner was an outlier due to a
minor premature delamination which had a test/model ratio of 0.38 and C&I\V9&o; theCOV

of all other test/model ratiosesebelow 20%.

Results from the parametric study showed that the most effective way to increase stiffness
is to increase the number of GFRP and CFRP plies as the syntactic foam plies offer a marginal
increase in stiffness. Load versus strain curves exhibited 4 sloghsindlection points
corresponding with the development of plastic strain in concrete at the crown and springline: the
final slope corresponding to development of plastic strain at the interior springline. Delamination
behaviour at on larger scale pipes nat been investigated. The development of plastic strains in

concrete may offer a reference point for assessing the risk of delamination.
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Vertical and Horizontal displacement measurements did not agted-EA results. A
potential source of error is the instrumentation setup. String potentiometers were connected to the
upper and lower wood bearings strips to measure vertical displacéfoeizontal displacement
was measured witlnear potentiometersxed to the frame and contaw the specimen on strips
of CFRP gluedo wood block that held the CFRP strip vertically to the specimen. Instrumentation
should measure directly on the RCP specimen as the compression of wood and movement of
fixtures may hae affected results. Adigital measuremenimethod such a®igital Image

Correlation(DIC) mayotherwisebe employedf available

Additional research on material properties and mechanics of delamination failure of FRP
liners should be conducted to betteedict the performance of FRP liners used in repair of RCP
structuresThe load or strain at which delamination occurs was not predicted in these experiments.
However, future studies may examine the use of the inflection points as reference pointsto asses
delamination risk from crack induced debonding. The mode of failure observed for all specimens
was crack induced debondingdditional material property testing and FEA design with greater
detail and node count may be performed to determine the sigudicd helical rebar in damaged
RCP repaired with FRP lineRebar was omitted in the FEA due to the node limit of the student
version of ABAQUS.Non-Destructive Testing (NDT) may be performed before testing in the
future to verify the quality of the FRM® tconcrete bond. Cyclic loading tests should also be

considered for long term use of the liners.
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Appendi x | :C&mpeesmentabtrength of

The compressive strength of concrete (fdc) wa
rectangular samples of concrete taken from the specimens after the TEB tests had been completed.
Larger sections of concrete pipe were broken off from the danspgednen with aledgehammer

and angle grinder; the shoulder and haunch were more easily separated due to the cracks and
exposed rebar at the crown, invert and springline. Using a stationary concrete saw, the concrete
sections were cut int®cubicspecimens of approximatel3 mm for each tested section of pipe

Two opposing cut faces were chosen to be the loading face of each specimen. The area of two
loading faces was determined by tracing the faces onto graphing paper and recording the number
of squares within the outlines. The chosen fasese capped with capping compound and
positioned to be in contact with the loading platks,lower of which was a hinge support. Load

was applied until concrete cracking occurred, the highest load wasedc8ide effect was taken

into consideration using the following empirical formula describe(D®} Viso et al., 2008)

0

Q —
0 0

Where Qis the compressive strengihconcrete, ¢ ¢ 1§ the concrete strength of the cubic concrete
specimen) is the length of the sides of the cubic specimen Uanslan empirical constant which
was taken to be 20mm asDel Viso et al, 2008sincethe dimensions of the specinsetested

were within the rangaseddevelop the constariResults are tabulated he following table:
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Experimental resultsf compression tests on rectangular concrete samples taken from specimens

Peak Load| Areal | Area 2 AvgArea f'C cube avg f'ccure | COV | f'C cylinder
(KN) (mm”2)  (mm”2) | (mm"2) (MPa) (MPa) (%) | (MPa)

5 Control 193 3911 3992 3952 48.97 56.38| 14.37 49.17
225 4113 4032 4073 55.16
249 3831 3831 3831 65.03

5 GGBGC 260 3871 3921 3896 66.79 61.70| 7.53 53.81
229 4022 3921 3972 57.68
229 3735 3821 3778 60.64

5 GGBCC 251 4355 3841 4098 61.33 59.41| 19.42 51.81
267 3831 3810 3821 69.86
180 3831 3831 3831 47.03

5 CCBCC 276 3831 3831 3831 72.00 69.49 11.79 60.60
227 3790 3730 3760 60.33
294 3881 3831 3856 76.14

4 Control 165 3085 3448 3266 50.39 51.17 | 21.20 44.62
182 3044 2802 2923 62.39
120 2964 2933 2949 40.73

4 GGGG 187 4012 3750 3881 48.14 62.79 21.06 54.75
258 3841 3931 3886 66.39
282 3831 3821 3826 73.83

4 GGBGG 202 3831 3871 3851 52.56 63.23 | 16.18 55.14
234 3639 3639 3639 64.17
274 3690 3810 3750 72.95

4 GGBCC 291 3831 3831 3831 76.06 74.04| 2093 64.57
285 3831 3831 3831 74.32
276 3898 3790 3844 71.74

1 Control 225 3831 3831 3831 58.64 5559 5,02 48.48
209 4032 3831 3931 53.18
216 4022 3831 3926 54.95

1 CCcCC 269 3831 3659 3745 71.86 73.80| 7.75 64.35
260 3800 3710 3755 69.30
311 3831 3931 3881 80.23

TOTAL: 62.76 | 12.27 54.73
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AppendRexsullt:s of FE Model

GGGG Stress Contour Plot for 26kN, 53kN, 81kN, 90kN

S, Max. In-Plane Principal (Abs) .

(Avg: 75%) Max: +3.970e+00
+3.970e+00
+3.368e+00
+2.767e+00
+2.166e+00
+1.564e+00
+9.627e-01
+3.612e-01
-2.402e-01
-8.416e-01
-1.443e+00
-2.044e+00
-2.646e+00
-3.247e+00

Max: +3.970e+00
Elem: GFRF Quter 2 layers-1.17
Node: 94

Min: -3.247e+00
Elem: Concrete Pipe-1.36
Node: 3

Y QDB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22: 57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 6: Step Time = 0.1412

Primary Var: S, Max, In-Plane Principal (Abs}
Deformed War: U Deformation Scale Factor: +1.000e+00

5, Max. In-Plane Principal (Abs)

(Avg: 75%)
+1.015e+01
+8.740e+00
+7.328e+00
+5.91€e+00
+4.504e+00
+3.092e+00
+1.680e+00
+2.685e-01
-1.143e+00
-2.555e+00
-3.967e+00
-5.379e+00
-6.791e+00

Max: +1.015e+01
Elem: GFRP Quter 2 layers-1.38
Node: 69

Min: -6.791e+00
Elem: Concrete Fipe-1.36
Node: 3

Y ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22: 57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 9: Step Time = 0.2912

Primary Var: S, Max. In-Plane Principal (Abs)
Deformed War: U Deformation Scale Factor: +1,000e+00
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S, Max. In-Flane Principal (Abs)

(Avg: 75%)
+1.917e+01
+1.668e+01
+1.419e+01
+1.170e+01
+9.214e+00
+6.725e+00
+4.236e+00
+1.746e+00
-7.430e-01
-3.232=+00
-5.722=+00
-8.211=+00
-1.070e+01

Max: +1.917e+01
Elem: GFRP Outer 2 layers-1.38 | R
Node: 69

Min: -1.070e+01
Elem: GFRP Outer 2 layers-1.52
MNode: 57

Max: +1.917e+01
Y 0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 12! Step Time =  0.4412

Primary Var: S, Max. In-Plane Principal (Abs)
Deformed Var: U Deformation Scale Factor: +1.000e+00

S, Max. In-Plane Principal (Abs)

(Avg: 75%)
+2.228e+01
+1.937e+01
+1.646e+01
+1.354e+01
+1.063e+01
+7.715e+00
+4.801e+00
+1.887e+00
-1.027=+00
-3.941=+00
-6.856=+00
-9.770e+00
-1.268e+01

Max: +2.228e+01
Elem: GFRP Quter 2 layers-1.38
Node: 69

Min: -1.268e+01
Elem: GFRP Quter 2 layers-1.52
Node: 57

Max: +2.228e+01

Y QDB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22: 57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 13! Step Time = 0.4912

Primary Var: S, Max, In-Plane Principal (Abs}
Deformed War: U Deformation Scale Factor: +1.000e+00
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GGGG Strain Contour Plot for 26kN, 53kN, 81kN, 90kN

LE, Max. In-Flane Principal (Abs)

(Avg: 75%)
+1.448e-04
+1.234e-04
+1.020e-04
+8.062e-05
+5.922e-05
+3.782e-05
+1.642e-05
-4.985e-06
-2.63%-05
-4.779e-05
-6.919e-05
-9.05%e-05
-1.120e-04

Max: +1.448e-04
Elem: GFRP QOuter 2 layers-1.17
Node: 94

Min: -1,120e-04
Elem: GFRP Quter 2 layers-1.15
Node: 81

v ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 5: Step Time = 0.1412

Primary \ar: LE, Max. In-Plane Principal (Abs)
Deformed Var: U Deformation Scale Factor: +1,000e+00

LE, Max. In-Flane Principal (Abs)

(Avg: 75%)
+3.723e-04
+3.218e-04
+2.712e-04
+2.206e-04
+1.701e-04
+1.195e-04
+6.894e-05
+1.837e-05
-3.21%e-05
-8.275e-05
-1.333e-04
-1.83%-04
-2.344e-04

Max: +3.723e-04
Elem: GFRP Quter 2 layers-1.38
Node: 69

Min: -2.344e-04
Elem: GFRP Quter 2 layers-1.15
Node: 81

Max: +3.723e-04

Y ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22: 57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 9: Step Time = 0.2912

Primary \ar: LE, Max, In-Plane Principal {Abs)
Deformed VWar: U Deformation Scale Factor: +1.000e+00
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LE, Max. In-Flane Principal (Abs)

(Avg: 75%)
+7.010e-04
+6.099e-04
+5.188e-04
+4.277e-04
+3.366e-04
+2.455e-04
+1.544e-04
+6.335e-05
-2.774=-05
-1.188=-04
-2.099=-04
-3.010=-04
-3.921=-04

Max: +7.010e-04
Elem: GFRP Outer 2 layers-1.38 '|" " -3
Node: 69

Min: -3.921e-04
Elem: GFRP Outer 2 layers-1.52
MNode: 57

Max: +7.010e-04

Y 0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 12! Step Time =  0.4412
Primary ‘ar: LE, Max. In-Plane Principal {Abs)
Deformed Var: U Deformation Scale Factor: +1.000e+00

LE, Max. In-Flane Principal (Abs)

(Avg: 75%)
+8.144e-04
+7.078e-04
+6.012e-04
+4.946e-04
+3.880e-04
+2.814e-04
+1.747e-04
+6.813e-05
-3.848e-05
-1.451e-04
-2.517e-04
-3.583e-04
-4.649e-04

Max: +8.144e-04 M
Elem: GFRP Outer 2 layers-1.38 '|" " .04
Node: 69

Min: -4.643&-04
Elem: GFRP QOuter 2 layers-1.52
MNode: 57

Max: +8.1442-04

Y 0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 13 Step Time = 0.4312

Primary \ar: LE, Max. In-Plane Principal {Abs)
Deformed Var: U Deformation Scale Factor: +1.000e+00
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GGGGPIlasticStrain Contour Plot for 26kNg3kN, 81kN, 90kN

(Avg: 75%)
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00
-+0.000e+00

Mazx: +0.000e+00

Node: 1
Min: +0.000e+00

Node: 1

PE, Max. In-Plane Principal (Abs)

Elem: Concrete Pipe-1.1

Elem: Concrete Fipe-1.1

L.

ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

Step: Step-1

Increment 5: Step Time = 0.1412

Primary \Yar: PE, Max. In-Plane Principal (Abs)

Deformed Var: U Deformation Scale Factor: +1,000e+00

(Avg: 75%)
+1.069e-04
+9.796e-05
+8.906e-05
+8.015e-05
+7.125e-05
+6.234e-05
+5.344e-05
+4.453e-05
+3.562e-05
+2.672e-05
+1.781e-05
+8.906e-08
+0.000e+00

Max: +1.069e-04

MNode: 37
Min: +0.000e+00

Node: 1

PE, Max. In-Plane Principal (Abs)

Elem: Concrete Fipe-1.114

Elem: Concrete Fipe-1.1

Max: +1.069e-04
ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22: 57 Atlantic Standard Time 2020

Step: Step-1

Increment 9: Step Time = 0.2912

Primary \ar: PE, Max. In-Plane Principal (Abs)

Deformed War: U Deformation Scale Factor: +1,000e+00
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PE, Max. In-Plane Principal (Abs)

(Avg: 75%)
+3.681e-04
+3.374e-04
+3.067e-04
+2.761e-04
+2.454e-04
+2.147e-04
+1.840e-04
+1.534e-04
+1.227e-04
+9.202e-05
+6.135e-05
+3.067e-05
+0.000e+00

Max: +3.681e-04

Elem: Concrete Pipe-1.114

Node: 37
Min: +0.000e+00

Elem: Concrete Pipe-1.1

MNode: 1

L.

Max: +3.681e-04
0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

Step: Step-1

Increment 12! Step Time =  0.4412

Primary ‘ar: PE, Max. In-Plane Principal (Abs)

Deformed Var: U Deformation Scale Factor: +1.000e+00

PE, Max. In-Plane Principal (Abs)

(Avg: 75%)
+4.596e-04
+4.213e-04
+3.830e-04
+3.447e-04
+3.064e-04
+2.681e-04
+2.298e-04
+1.915e-04
+1.532e-04
+1.149e-04
+7.660e-05
+3.830e-05
+0.000e+00

Max: +4.596e-04

Elem: Concrete Pipe-1.114

MNode: 37
Min: +0.000e+00

Elem: Concrete Fipe-1.1

Node: 1

Max: +4.596e-04
ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Thu Dec 10 12:22:57 Atlantic Standard Time 2020

Step: Step-1

Increment 13 Step Time = 0.4312

Primary \ar: PE, Max. In-Plane Principal (Abs)

Deformed War: U Deformation Scale Factor: +1.000e+00

81



GGGG Load vs. Strain Plots from ABAQUS
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CCCC Stress Contour Plot for 29kN, 71kN, 92kN, 113kN

(Avg: 75%)
+8.427e+00
+7.169e+00
+5.911e+00
+4.654e+00
+3.3396e+00
+2.138e+00
+8.806e-01
-3.771e-01
-1.635=+00
-2.892=+00
-4,150e+00
-5.408=+00
-6.666e+00

Max: +8.427e+00

Node: 94
Min: -6.666e+00

MNode: 81

S, Max. In-Flane Principal (Abs)

Elem: GFRP Quter 2 layers-1.17

Elem: GFRP Outer 2 layers-1.15

66e+00

L.

0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Fri Dec 04 12:32:36 Atlantic Standard Time 2020

Step: Step-1

Increment 6: Step Time = 0.1412

Primary Var: S, Max. In-Plane Principal (Abs)

Deformed Var: U Deformation Scale Factor: +1.000e+00

(Avg: 75%)
+2.379e+01
+2.045e+01
+1.711e+01
+1.378e+01
+1.044e+01
+7.106e+00
+3.770e+00
+4.332e-01
-2.903=+00
-6.239=+00
-9.576=+00
-1.291e+01
-1.625e+01

Max: +2.379e+01

Node: 69
Min: -1.625e+01

Node: 81

S, Max. In-Plane Principal (Abs)

Elem: GFRP Quter 2 layers-1.38

Elem: GFRP Quter 2 layers-1.15

25e+01

Max: +2.3/9e+01
QDB: Job-1.0db  Abaqus/Standard Student Edition 2019 Fri Dec 04 12:32:36 Atlantic Standard Time 2020

Step: Step-1

Increment  10: Step Time = 0.3412

Primary Var: S, Max, In-Plane Principal (Abs}

Deformed War: U Deformation Scale Factor: +1.000e+00

84



S, Max. In-Flane Principal (Abs)

(Avg: 75%)
+3.422e+01
+2.952e+01
+2.481e+01
+2.011e+01
+1.540e+01
+1.070e+01
+5.994e+00
+1.289e+00
-3.416e+00
-8.120e+00
-1.282e+01
-1.753=+01
-2.223=+01

Max: +3.422e+01
Elem: GFRP Quter 2 layers-1.38
Node: 69

Min: -2.223e+01
Elem: GFRP Outer 2 layers-1.52
MNode: 57

v Max: +3.422e+01
0ODB: Job-1.0db  Abaqus/Standard Student Edition 2019 Fri Dec 04 12:32:36 Atlantic Standard Time 2020

1 X Step: Step-1
Increment 12! Step Time =  0.4412

Primary Var: S, Max. In-Plane Principal (Abs)
Deformed Var: U Deformation Scale Factor: +1.000e+00
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